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ABSTRACT: Atomic force microscopy is an invaluable character-
ization tool in almost every biophysics laboratory. However,
obtaining atomic/sub-nanometer resolution on single proteins has
thus far remained elusivea feat long achieved on hard substrates.
In this regard, nanomechanical spectroscopy mapping may provide
a viable approach to overcome this limitation. By complementing
topography with mechanical properties measured locally, one may
thus enhance spatial resolution at the single-protein level. In this
work, we perform all-atom molecular dynamics simulations of the
indentation process on a single immunoglobulin G (IgG) adsorbed
on a graphene slab. Our simulations reveal three different stages as
a function of strain: a noncontact regimewhere the mechanical
response is linked to the presence of the water environment
followed by an elastic response and a final plastic deformation regime. In the noncontact regime, we are able to identify
hydrophobic/hydrophilic patches over the protein. This regime provides the most local mechanical information that allows one to
discern different regions with similar height/topography and leads to the best spatial resolution. In the elastic regime, we conclude
that the Young modulus is a well-defined property only within mechanically decoupled domains. This is caused by the fact that the
elastic deformation is associated with a global reorganization of the domain. Differences in the mechanical response are large enough
to clearly resolve domains within a single protein, such as the three subunits forming the IgG. Two events, unfolding or protein
slipping, are observed in the plastic regime. Our simulations allow us to characterize these two processes and to provide a strategy to
identify them in the force curves. Finally, we elaborate on possible challenges that could hamper the interpretation of such
experiments/simulations and how to overcome them. All in all, our simulations provide a detailed picture of nanomechanical
spectroscopy mapping on single proteins, showing its potential and the challenges that need to be overcome to unlock its full
potential.
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The advent of atomic force microscopy (AFM)1 stands as apivotal turning point in nanoscience and nanotechnol-
ogy.2,3 Its ability to operate in almost every environment3,4
endows AFM with a great versatility. This ultimately forged its
success in many disparate areas, spawning from earthquake
dynamics5,6 to biological processes.2,7 Considering the latter,
two major features have driven the interest toward this
technique: the first being the ability to image in near-
physiological conditions and the second being the possibility to
image cells and biomolecules with a nanometer resolution.4,8,9
However, attaining a high resolution on such complex soft
systems called for a long and continuous effort to develop a
plethora of new imaging modes,2,7 each pushing forward a
given limitation of the technique. Notwithstanding, and despite
its undisputed success,2,4,7,10 angstrom/quasi-angstrom reso-
lution at the single-protein level has so far remained elusivea
feat long achieved on stiffer substrates.11−14
On dense biomolecular assemblies, sub-nanometer reso-
lution can already be readily achieved.8 Notwithstanding, here
we focus on single-molecule experiments in low-coverage
regimes. Despite their inherent difficulties, e.g., higher
biomolecular mobility hampering the resolution, they allow
us to probe specific biomolecular interactions as well as their
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intrinsic properties, to name a few: single-molecule mechan-
ics,15−17 kinetics18,19 and specific biomolecular recognition
events.20,21 Over the past decades single-molecule biophysics
emerged as a vibrant research field allowing one to decipher a
wide range of complex biological processes.2,4,7,10 As a result it
follows that a resolution improvement (e.g., through
identification of charged, hydrophobic, or mobile regions on
a single protein) would most definitely aid in this endeavor,
e.g., by improving our understanding of biomolecular processes
with an unprecedented level of detail. In this regard,
nanomechanical force spectroscopy10,22 stands as a promising
candidate. Besides topographic information usually gathered
during an AFM scan, with this technique we may
simultaneously map the forces felt by the tip as we scan.
These, being generally more local in nature, could then
complement and enhance the spatial resolution of topographic
images.
Over 25 years ago, the pioneering experiments of Hansma
and co-workers23,24 demonstrated AFM’s ability to map
mechanical properties of soft materials. Although such
measurements transcended into a well-accepted character-
ization tool of the mechanical properties of polymeric
surfaces,25 at the single-protein level there is still a long road
ahead. At this point, an important distinction must be made
concerning force spectroscopy methods on single proteins.
These can be broadly divided into two classes: one where the
molecule is subject to a pulling/extensive force;10,26−32 the
other where a compression force is applied2,10,22the latter
being the focus of the present work. Among the aforemen-
tioned, although not numerous, one may find quite remarkable
achievements, including: mapping unfolding events at single-
protein-domain level,33,34 and mapping the Young’s on a single
protein.15,16,35 These works showcase how local force mapping
provides a much more detailed picture of the protein structure
and dynamics, as compared to topography alone.
Although nanomechanical spectroscopy mapping experi-
ments provide valuable information on protein dynamics and
mechanical properties, it is far from trivial to relate those with
reorganization events occurring inside the protein. For
instance, to what extent a macroscopic quantity such as the
Young modulus is representative of the deformation processes
occurring in a small inhomogeneous object such as a protein?
Assuming so, what kind of structural changes regulate this
elastic response? Besides the fundamental interest of such
questions, they bear an immediate practical application,
namely, to gauge the limiting spatial resolution one may attain
with such techniques. Still, another relevant question is
whether such methods can be used to probe hydration
properties of single proteins. This would most certainly
provide valuable information, as often biomolecular inter-
actions are triggered either by hydrophobic or electrostatic
interactionsboth with distinct hydration signatures. All
considered, it stands out the importance of complementing
experiments with all-atom simulations. This effort would not
only provide an atomic understanding of such processes but it
would also unveil possible unforeseen phenomena which could
result in artifacts in the nanomechanical maps.
Here, we perform all-atom molecular dynamic simulations to
simulate the indentation process of a single antibody (the
immunoglbulin G) adsorbed on a graphene surface. Our
results clearly reveal three different contact regimes, in
agreement with previous AFM experiments.22 Interestingly,
in each regime, the recorded forces probe complementary
intrinsic properties of the protein in question. The level of
detail of our simulations provides a clear picture of the key
atomic reorganization processes occurring in each regime,
namely, a detailed understanding on the role of hydrophobic
Figure 1. Nanomechanical mapping of an IgG adsorbed on a graphite slab. Side (a) and top views (b) of an IgG adsorbed on a three-layer graphite
slab prior to indentation. The notation of the IgG domains and indentation sites is provided in (b). The IgG is represented according to its
secondary structure, i.e., β-sheets (yellow), α-helix (purple), 310-helix (dark-blue), turns (violet), and random coils (cyan). Graphite is represented
with a gray ball−stick model and the diamond tip with a Connolly surface.36 (c) Representative force−indentation curves at different sites.
Snapshots of different indentation stages are provided in the bottom. Zero indentation is defined upon protein−tip contact and with the onset of a
repulsive regime. Scale bar is 1 nm long.
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patches on hydration layers and related hydration forces; the
global character of elastic mechanical deformation limiting the
spatial resolution to mechanically decoupled domains; and the
importance of spurious protein mobility events in the
interpretation of flexibility and critical unfolding force of
protein domains. In this way, besides complementing previous
experiments with an atomic detailed picture of such processes,
we also provide novel insights on how different force regimes
can enhance spatial resolution with the hope to stimulate
further experiments.
■ RESULTS AND DISCUSSION
For the substrate, we consider an IgG antibody adsorbed flat-
on over a three-layer graphene surface (see Figure 1 and
Methods). Previous works37,38 have shown good agreement
between adsorption configurations imaged with amplitude
modulation (AM) AFM and all-atom molecular dynamics
(MD) simulations. This was corroborated in various ways, to
name a few: similar interdomain distances (i.e., Fab−Fc, Fab−
Fab); preservation of secondary structure and bioactivity of the
Fab sites; and that the Fc domain is systematically higher than
the smaller Fab sites. Concerning the former, it may be best
understood in light of Figure 1a. There, it is also apparent that
glycan heteropolymers in the center of the Fc domain create a
hollow region inside its structure. One may thus expect that by
being less compact, Fc domains could be readily identified in
an AFM nanomechanical map22 as the most soft domain. To
test this hypothesis, we indented on three different sites in each
IgG domain (see Figure 1b). Representative force−indentation
curves are shown in Figure 1c. As anticipated from the protein
structure, we observe that Fc has a softer mechanical response
than Fab domains. Comparing our results with the pioneering
experiments of Martinez-Martin et al.15 reveals a qualitative
agreement between them, namely, that Fc is softer than Fab
domains. Note, however, that these experiments15 where
performed for a different protein (IgM, which is a pentameric
structure composed by five IgG monomers) deposited on a
different substrate (mica). In this context emerges the field of
nanomechanical force spectroscopy,15,22,29,35,39 where AFM
experiments are used to map the elasticity of such complex
systems at a local level. Yet, it remains unclear the origin of
such elastic behavior and to what extent one may extrapolate a
macroscopic quantity, such as the Young modulus, to
inhomogeneous objects such as single proteins. To address
this question, while unveiling the limits of the lateral resolution
of such techniques as well as other phenomena (e.g., water
structuring near the proteins), we now explore the atomic
detail of our MD simulations in the three contact regimes:
noncontact regime, elastic regime, and high-strain regime.
Noncontact Regime. AFM has been successfully
employed to image hydration layers formed over a wealth of
different substrates including the following: inorganic materi-
als,40,41 molecules,42−44 protein assemblies,45,46 and also over
double-stranded (ds) DNA molecules.47 Surprisingly, this feat
has remained elusive for single proteins. The importance can
hardly be overstated as often biomolecular recognition/activity
relies on hydrophilic/phobic interactions.48,49 With the aim of
identifying hydrophobic/hydrophilic patches of the protein, we
now focus on the initial indentation stage (i.e., prior to
contact). For that purpose, we show in Figure 2a two force−
indentation curves obtained in the same domain, i.e., FabR. It is
apparent that before contact (event marked as zero
indentation), FabR1 and FabR3 behave very differently, with
one showing a repulsive force peak and the other lacking such
feature. This difference can be readily understood in light of
Figure 2. Protein hydration layers detected in the noncontact regime. (a) Force distance curve at different FabR sites. (b) FabR represented with a
Connolly surface36 and colored according to the hydrophobic character, i.e., brown/red for hydrophilic/hydrophobic amino acids, respectively. (b)
Zoom in of the force distance curve in the noncontact range. The insets show the presence/lack-of (top/bottom, respectively) a structured water
layer over different FabR sites.
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the hydrophilic character of each site; see Figure 2b. In
particular, we observe that the first site is predominantly
composed by hydrophilic amino acids while the other by
hydrophobic ones.
Focusing on FabR1, we realize that the forces required to
break the hydration layer (shown in Figure 2c) are on the same
range as those experimentally measured on dsDNA,47 i.e., 100
pN. Here, the hydration layer owes its presence to the large
amount of hydrophilic amino acids as shown in Figure 2b.
They have an important biological role on the IgG activity.
This is apparent when noting that FabR1 is positioned near the
hinge region, which is responsible for regulating the large
oscillations of the Fab in solution
50 as well as on-surface
motion. Considering the former, it has been shown that such
mobility is key in assisting the IgG to walk over antigenic
surfaces.19 The hydrophilic character of this site favors solvent
exposition with respect to nonspecific interaction with
neighboring domains (e.g., Fc or the other Fab), which
ultimately regulates IgG bioactivity.19,50
The FabR3 is located at the antigen binding site where most
amino acids display a hydrophobic character; see Figure 2b.
This is a key property for docking, activation, and signaling of
antigen-binding fragments at large,48,49,51 present both in
immunoglobulins as well as in T/B cell receptors. Con-
sequently, at this site, nonspecific protein−tip interactions are
favored over hydration and thus no force is required to
displace water molecules surrounding these amino acids; see
Figure 2c. In fact, we observe that once water is depleted, an
attractive force is felt by the tipsignaled as negative force
values. Interestingly, this attractive force depends not only on
the amount of hydrophobic amino acids but also on the
relative mobility of those. In Supporting Information Figure
S1, we provide an example where, upon indentation, a local
spontaneous reorganization at the Fc2 site occurs resulting in a
jump-to-contact of the protein toward the tip. This process is
signaled via an abnormally pronounced attractive regime as
shown in Figure S1. The slope of the force curve in the
attractive regime relates to the stiffness of this local
reorganization process. Although common cantilevers are too
soft to detect such deformationas they would jump to
contactrecently developed tuning fork sensors52 are in
principle capable of probing such events.
In the noncontact regime our simulations show that one
could in principle distinguish hydrophilic from hydrophobic
regions within a protein domain (on the sub-5 nm scale) at the
single-molecule level. The forces required to break hydration
layers, although small, are within the experimental resolution.47
Additionally, our simulations unveil how the soft character of
the protein can allow for spontaneous local reorganization
events, signaled as a pronounced adhesion force, which could
relate to dissipation processes as discussed elsewhere.22
Elastic Regime. In the low-strain regime (i.e., <10%), the
force increases linearly with indentation as in an elastic
deformation process (see Figure 3a). A linear fit to the force
curve allows one to compute the Young modulus or,
equivalently, the protein elasticity at different indentation
sites. As show in Figure S2, the Young modulus is almost
constant in each domain. This suggests that the elastic
response is a global property of these domains and is not
controlled by the local area around the indentation site. This is
Figure 3. Global deformation of the Fc domain in the elastic regime. (a) Representative force distance curves of the three domains. The associated
stiffness is obtained from the linear fits (shown in black and light green). (b) Side view before/during elastic deformation represented as
transparent/opaque. Green arrows highlight rigid displacement of well-defined secondary structures. Cyan arrows highlight flexible unstructured
domains deformed upon indentation. (c) Parallel/perpendicular gyration radius represented in brown/light-orange. The inset provides a visual
interpretation of the data, e.g., the parallel component being a expansion/contraction of the protein in the plane parallel to the surface. (d) Side
view of images in panel b highlighting a deformation penetration depth > 4 nm. Scale bar is 1 nm long.
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in line with a sensible argument that mechanical elasticity can
only change from one region to another (as in Fc/Fab)
provided that they are mechanically decoupled, e.g., linked by
an unstructured chain of amino acids (random coil/turn).
Additionally, the consistency of the stiffness values obtained
for the two different Fab domains (see Figure 3a and Figure
S2a) not only corroborates this argumentas they are
structurally identicalbut also unravels that elasticity is
insensitive to the adsorption configuration up to certain
degree. This follows from the fact that FabL and FabR have
similar stiffness values although adsorbed in a flipped
conformation with respect to the adsorption/surface plane.37
At last, and perhaps the most promising result, we observe that
different domains, i.e., Fab and Fc, have different stiffness
values, i.e., 2.1 and 0.9 N/m, respectively. Not only is this
result is in line with the fact that Fc is a hollower structure but
it suggests that one could in principle use the flexibility map to
enhance AFM topographic resolution. In fact, such differential
flexibility was previously reported on an alike protein using
biomodal AFM experiments.15 More recently, this submolec-
ular resolution of nanomechanical mapping was pushed even
further, now allowing one to resolve major/minor grooves of a
single DNA molecule.47 However, and despite the authors’
insight,15 the results were based on two nontrivial assumptions
that lacked validation. The first being the possibility to define a
macroscopic quantity as the Young modulus in a small and
inhomogeneous object such as a protein. The second was the
assumption that the Young modulus is well-defined even at a
local level in the protein, e.g., in its domains.
In order to cast light on how strain is accommodated inside
the protein, we now inspect the Fc2 indentation resultsnote
that similar findings are obtained on other domains. In Figure
3b, we observe that the most affected region concerns the
amino acids in direct contact with the tip. However, the
indentation induced deformation propagates throughout the
protein penetrating as deep as 4 nm from the indentation site;
see Figure 3d. This global concerted motion of the protein is,
to a large extent, mediated by the most flexible regions inside
each domain. These are the regions without a well-defined
secondary structure such as turns and random coils. For
example, in Figure 3b we observe that the structure of
antiparallel β-sheets is preserved (highlighted with green arrow
in Figure 3b) differing only from the un-indented protein by a
rigid downward shift. This motion and the structure
preservation is regulated by the most flexible regions
(highlighted with cyan arrows in Figure 3b), which allows
redistribution of the stress throughout the protein, ultimately
resulting in a global deformation. This rationalizes why similar
stiffness values are obtained at different sites within the same
domain, as shown in Figure S2. This global deformation is
particularly visible in the gyration radius shown in Figure 3c.
There we observe that upon indentation, the protein
compression is accompanied by an expansion in the plane
perpendicular to indentation, i.e., the plane defined by the
surface.
One may thus conclude that the Young modulus is a well-
defined property within each domain as it reflects a global
deformation mediated by the most flexible regions (i.e.,
random coils and turns). These regions can accommodate
strain without disrupting the hydrogen-bond network, thus
allowing swift recovery of the initial configuration once strain is
released. Consequently, we did not observe changes on the
secondary structure at these strains. Moreover, it is interesting
to note that the elasticity measured in this or in alike
experiments15,22,35 is rather small as compared to the hydrogen
bonds responsible for the structural stability of the protein. A
conservative estimate for such stiffness is of 3 N/m per H-
bond.53−55 Drawing from a mechanical analogue based on
springs, either in series or parallel, we see that although the
stiffness sum is parallel in a single strand (with more than five
hydrogen bonds per strand), these are in turn to be summed
with the adjacent strands as springs in series; see Figure S3.
Thus, the higher number of turns/β-strands being deformed by
the tip, the higher is the compliance (i.e., lower stiffness) of the
protein. As a result, it follows a positive correlation between
topography and flexibility. This is seen in our simulations when
comparing Fc and Fab domains; i.e., the higher is the domain
(or, equivalently, the larger the number of turns), the lower is
the elasticity. Although being rather simplistic to account for
the full complexity of the problem at hand (neglecting the
relative orientation of the strands and the importance of mixed
secondary structures, among others), this analysis puts in
evidence that, in this kind of measurements, little information
may be drawn concerning hydrogen-bond dynamics (contrary
to other force−spectroscopy techniques31,32,56−59). Moreover,
it provides a simple interpretation on the correlation between
topography and flexibility in very specific cases.15
High-Strains Regime: Unfolding and Plastic Defor-
mation. At high deformations (strains of 15% or higher), one
of two deformation mechanisms are observed: either major off-
Figure 4. High-strain deformation regime: sliding and unfolding. (a) Force distance curve at FabL1 (in blue) and Fc2 sites. (b) Sliding event
occurring during indentation on the Fc2 site. An α carbon of the IgG is represented in red, so we can better appreciate the displacement event with
respect to fixed reference highlighted as a green line. (c) Area under the tip while indenting on the FabL1 site. Protein representation is identical to
Figure 1. Scale bar is 1 nm long.
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tip sliding, or unfolding events. Concerning the first, such
events may be readily detected as a non-monotonic behavior of
the force; see Figure 4a. Although protein mobility seems
eminent almost throughout the whole repulsive regime, it
becomes prevalent when protein deformation surpasses 12%
(note that Fab and Fc average heights are 4.3 and 6.3 nm,
respectively). At such high deformations, the protein releases
strain by sliding as much as 1.5 nm; see Figure 4b. This results
in a force decrease, as shown in Figure 4a, followed by its
increasein some sort of complex stick−slip motion.
Concerning unfolding events, they are characterized by a
plateau in the force curve as indentation proceeds; see Figure
4a. This could be perceived as a plastic deformation regime as
reported in previous experiments.22,35 As shown in Figure 4c,
during this process, the protein undergoes an unfolding event
where the loss in the secondary structure follows from the
breaking of weak hydrogen bondsa process which can be
viewed as irreversible (plastic) at the time scales of the
indentation process.
Although, in general, all-atom MD simulations are unable to
reach the slow indentation speeds used in AFM experiments
(further discussion is provided in the following section), one
may argue that they can serve as an upper limit guide in such a
high-strain regime. On the one hand, sampling less the slow
degrees of freedom, we are overestimating the force required to
deform the protein.54,60 On the other hand, when major
reorganization events such as sliding or unfolding occur in the
simulations at a given strain, then it is sensible to assume that,
in experiments, they will occur at lower or equal strainsgiven
the larger exposition time of the protein to the force exerted by
the tip. Concerning protein unfolding, it is well-known that the
higher is the speed, the higher is the yield strain of the
protein.54 Then, it follows that the simulated unfolding strain
provides an upper limit beyond which protein unfolding is very
likely to occur at the slow indentation speeds used in
experiments. All together our simulations allow us to propose
the following rules of thumb for indentation at high strains: (a)
For globular proteins of similar size as the IgG, beyond 15%
strain we are no longer in an elastic deformation regime; (b)
unfolding is characterized by two factors, one being an
alteration of the topographic profile and the second being a
stabilization of the force during indentation; (c) if major
sliding events are to occur (often in regions where the ratio
between contact area and the protein volume is small such as
in the Fc domain), such events may be identified as a non-
monotonic behavior of the force curve, at variance with the
unfolding case.
Comparing the aforementioned predictions with previous
experiments,35 we find a discrepancy for the onset of non-
elastic protein deformation. Those authors suggest that elastic
deformation could endure strains of up to 40%, which would
correspond to an indentation of 2.4 nm on the Fc domain.
According to our simulations, the IgG could hardly
accommodate such levels of strain without slipping away or
undergoing a major unfolding event. This is in line with other
studies54 showing that, beyond a strain of 15%, proteins with
varied secondary structures undergo unfolding events. It is
possible that the difference between our results and previous
experiments35 follow from different indentation speeds, protein
sizes, or supporting substrate. Thus, further works are needed
to clarify this issue. However, a plausible reconciliation might
be achieved if we consider that protein mobility events can be
misinterpreted as a soft elastic deformation. In such on-surface
mobility process, the protein retains its equilibrium height in a
subsequent topography imaging (typically a fingerprint for the
onset of plastic deformation). However, this is one of many
possible scenarios that could account for the observed
difference. To address this issue, we propose further experi-
ments to measure the strain threshold in the low surface
coverage regime simulated here and in a high-coverage regime,
which would mitigate the role of the mobility.
Simulation Challenges: Bridging Experiments/Simu-
lations Time Scales. From a simulation standpoint, in order
to mimic the indentation process as in AFM experiments, it
stands clear the importance of incorporating both the surface
supporting the protein as well as an explicit description of the
water molecules. This follows from two major reasons: the first
being the importance of protein−surface adhesion in
regulating sliding mechanisms as well as mechanical
deformation;22 and the second concerns the importance of
hydrophobic/hydrophilic interactions as well as the role of
hydration layers in the noncontact regime. With regard to the
accuracy of different solvation methods, we have shown38,61
that implicit methodscommonly used in protein adsorption
processesresult in a systematic spurious protein unfolding
during adsorption. This follows from a misrepresentation of
entropic effects of the solvent and an unbalanced electrostatic
force when protein−surface start to contact. Concerning
protein adsorption simulations, we have shown how MD
simulations allowed us to obtain a good agreement with AFM
experiments in varied conditions (different proteins,37,61 on
hydrophilic/phobic surfaces,62,63 with and without step edges64
and in free/forced adsorption regimes61), while providing an
atomic detail of this process.
Molecular dynamics simulations are a powerful technique to
simulate force spectroscopy experiments,12−14 e.g., allowing
one to unravel the atomic mechanisms for chemical
identification in liquids.12 However, the duration of such
simulations is often limited to time scales that are much
shorter than in experiments. One major limitation of the
simulations here reported is the indentation speed (0.1 m/s) as
they largely surpass the ones used in experiments, i.e., 10−4 m/
s. Preliminary experimental results for IgG65 indentation on
mica estimate a stiffness of 0.25 N/m. When comparing to our
simulations, we realize that we are overestimating the
mechanical elasticity by a factor of 6. This overestimation at
higher loading rates is in agreement with Bell−Evans
models.66,67 Moreover, this is also in line with other force−
spectroscopy measurements/simulations68 as well as protein
unfolding events.54 This overestimation follows from a poor
representation of stochastic fluctuations of the protein during
the indentation process.60,68 However, a brute force approach
to overcome this limitation, i.e., matching experiments and
simulation times, would render such simulations unfeasible as
it would require millisecond long simulations. Although one
may correct the force values using different models,60,68 these
are often reserved for bond breaking processes, thus
significantly different from global protein reorganization
events. Despite the overestimation of the force, the trajectories
thus obtained can provide a realistic representation of the
deformation processes taking place during the indentation.
This follows from the fact that the major structural differences
observed at different deformation speeds happen at high
strains,54 where protein unfolding starts to occur. Therefore, as
long as the secondary structure is preserved, the structural
ACS Sensors pubs.acs.org/acssensors Article
https://dx.doi.org/10.1021/acssensors.0c02241
ACS Sens. 2021, 6, 553−564
558
analysis derived is expected to resemble the one obtained at
lower indentation speeds.
An alternative approach to a brute-force speed matching
approach can be provided by constant force molecular
simulations69,70 (CFMD). Recent works have shown this
protocol is able to compute the elastic parameters of nucleic
acids in quantitative agreement with experimental results.69,70
The protocol is compatible with nanomechanical force
spectroscopy mapping and can be summarized as follows.
Starting from a tip−protein contact conformation, we start
multiple MD runs in parallel. In each run the force applied to
the tip is kept constant at different selected values. Once the
system is finally in equilibrium, we then have different pairs of
force−distance values. In this way we are able to equilibrate the
trajectories for each constant force value for periods as long as
a microsecond. As a result each pair of force/indentation can
be viewed as a static picture of the indentation process, which
would be more representative of the slow indentation speeds
used in the experiments. Note, however, that this simulation
protocol relies on the simple assumption that we know a priori
the shape of the force curve. Then, instead of sampling all
indentation depths we focus on a few selected points of force
versus indentation which are well-converged. This fact
highlights the importance of the results shown in the present
work, which provide a lively picture of the whole indentation
processa feature missing in the aforementioned protocol.
Thus, our results constitute a first step toward an atomic
detailed understanding of the complex phenomena occurring
during the indentation. Future endeavors relying on the
aforementioned CFMD protocol could provide a better
quantitative agreement with available experiments at similar
computational cost.
At last, another aspect which may have an impact on the
measured forces is the tip size, shape, and composition. In this
work we considered a tip with properties that are consistent
with commercially available ultrasharp (radius of 2 nm)
diamond tips. However, it would be interesting to test the
influence of other commonly used tips. Although we do not
expect that such variations will change our general conclusions,
the nominal forces obtained may vary as a result.
Experimental Challenges: Protein Mobility and
Spatial Resolution. In what follows, we discuss the two
important aspects revealed by our simulations that could aid in
the interpretation of flexibility maps as measured by AFM,
namely, protein mobility and the spatial resolution of such
measurements.
Protein Mobility. We often observe that, even at early
indentation stages, protein sliding can result in force−
displacement curves that carry little information about its
mechanical/structural properties. In Figure 5, we provide two
examples obtained at small strains (<10%). The first, and the
easiest to identify, is the one obtained while indenting in the
Figure 5. Spurious elastic softening resulting from protein mobility. (a) Force curves at FabR2 and Fc1 indentation sites. (b, c) Snapshots at
different indentation depths showing on-surface protein displacement at the FabR2 (b) and Fc1 (c) sites. Arrows depict the direction of motion, and
red/green spheres provide reference points at the surface/protein. (d) From left to right, top to bottom: topography, elastic map, protein structure,
and topography/flexibility profiles of an IgM on mica obtained using bimodal AFM imaging.15 In the profile image, topography/flexibility are
represented in gray/black. The red arrows highlight topography/flexibility maxima/minima at Fab sites of the IgM. (e) Tip induced sliding at the
edge of a Fab obtained in our simulations at the FabL3. Scale bar is 1 nm long. Reproduced from ref 15 with permission of The American Physical
Society. Copyright 2011.
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middle of the Fab domain, namely, in the FabR2 site. During the
first 0.6 nm of indentation, the force increases at a much lower
rate than the other sites; i.e., it seems to be much softer than
the other sites (see Figure 5a). A close inspection of the
trajectory shows that during this period we are not indenting
the protein, as, instead, the FabR is sliding on the surface (see
Figure 5b). Only after a stable tip−protein contact is formed,
one starts to mechanically deform the domain and we recover
similar stiffness values as in other sites of the domain (see
Figure 5a). The second example is far less trivial to identify
from the force curve alone and, thus, could pass unnoticed in
experiments. As we indent the Fc1, the force increases steadily,
although at a rate much smaller than that of any other site (see
Figure 5a). Once more, this one could mislead us to think that
the Fc1 site is the softest site in the Fc domain. However, from
the trajectory, we realize that this indentation instead of
deforming the protein is pushing it away from the indentation
site in a major displacement event (see Figure 5c). The
aforementioned examples show how mobility events can
dramatically affect our elasticity measurements. Moreover,
the on-surface motion, although being sufficiently large (0.1−
0.5 nm) to affect such measurements, they are small enough to
be interpreted as a product of thermal drift.
In Figure 5d, we show an elasticity map of a similar protein
(IgM on mica) obtained using bimodal AFM.15 From the
topography, it is apparent the large mobility of the Fab domains
sitting at the edge of the protein. Moreover, the topography
(shown in gray) and the flexibility profiles (shown in black)
reveal a mismatch. This difference is particularly evident at y =
37 nm, which corresponds to a Fab domain (highlighted with a
red arrow in Figure 5d). At this site, the topography profile
shows a local height maximum, whereas the flexibility profile
shows a sharp drop of the Young modulus. In light of the
present simulations, a plausible interpretation is that, at Fab
edges, indentation forces the fragment to slide, as we have
observed in the FabL3 sitesee Figure 5e. As a result of such
sliding, we obtain an apparent, abrupt softening of the last half
of the Fab domain. A similar observation can be made for the
Fab sitting at the opposite edge (y = 65 nm). This mobility is
also apparent in the corresponding flexibility map. In
particular, this map does not have the same symmetry as the
molecular structure (i.e., a 5-fold symmetry).
Spatial Resolution of Flexibility Maps. In the elastic
regime, our MD simulations showed similar elasticity for
different sites in the same domain; see Figure S2. Additionally,
the atomic trajectories reveal that mechanical elasticity is
related to a global domain deformation, i.e., not a local one.
Therefore, the spatial resolution of flexibility maps is limited to
the number of mechanically decoupled domains. Although it is
not trivial to infer a priori how many of such domains there are
on a given protein, the topographic images and a detailed
understanding of the protein structure can provide clues for
such assignment. Concerning the first, mechanically decoupled
domains give rise to different adsorption geometries. Taking
the IgG as an example,37 some topographic images show Fab
closer and some others with Fab far apart. Thus, it follows that
their motion is decoupled and they may move freely with
respect to each other. Concerning the second, generally
speaking, regions of the protein with undefined secondary
structure (e.g., random coils or turns) constitute elements of
enhanced flexibility. These elements provide a means to
decouple the motion of different subdomains without breaking
hydrogen bonds. This is seen in the IgG at the hinge regions
but also on other globular proteins such as the albumin.61 At
last, it should be noted that, at the edges of small domains such
as the Fab, it is more likely that the tip indentation will induce
motion thus introducing artifacts.
Simultaneous measurement of flexibility and topography in
AFM experiments provides a valuable tool to better resolve
these complex structures on a surface. The importance can be
better realized when tracing a parallel with AFM imaging of
nucleic acids which has largely expanded our understanding of
a wealth of biological processes71 ranging from DNA
compaction72 to specific protein interactions.20,21 Yet, such
success builds upon a long and continuous effort in the
development of a wide range of DNA immobilization
techniques, some focusing on DNA−protein interactions21
and others in DNA structural or dynamic properties.73−75
Nowadays, resolution in these systems is such that one may
routinely resolve minor/major grooves of nucleic acids on both
the topography76−78 and the stiffness maps.39 Perhaps more
astonishingly, one may also resolve hydration layers formed
over DNA molecules.47 We expect that a similar endeavor in
the development of specific immobilization protocols on single
proteins would help to mitigate protein mobility artifacts.
■ CONCLUSIONS
In this work, we use all-atom MD simulations to perform
nanomechanical force spectroscopy mapping on a single
immunoglobulin G protein adsorbed on a three-layer graphene
surface. Our simulations show three distinct contact regimes:
noncontact, elastic, and a high-strain regime.
In the high-strain regime (>15%), the protein either starts to
unfold or simply slides away from under the tip. The >15%
strain threshold, although consistent with typical unfolding
strains, differs from previous AFM estimates35 which revealed a
much higher unfolding resilience (up to strains of >40%).
Here, we reconciled these two results with the hypothesis that,
at such high strains, mobility events, which are hard to discern
from the elastic regime, dominate the mechanical response.
This interpretation is based on two facts: sliding events of the
protein do not deform it permanently, and they display as part
of an apparently elastic regime in the force curve. In order to
corroborate this hypothesis, further work is needed. Of
particular relevance, and readily feasible, would be contrasting
AFM experiments on single molecules with AFM measure-
ments on compact protein assemblies28,29 where mobility is
hampered.
The elastic regime can be identified in the force curve as the
deformation comprised between the onset of the repulsive
regime and a 10% strain. In the pioneering work of Martinez-
Martin et al.,15 they were able to measure a Young modulus of
different immunoglobulin M sites using bimodal AFM. Yet,
owing to the lack of atomic detail of such experiments, it was
unclear whether this Young modulus related to an elastic
deformation, and, perhaps most importantly, what the limiting
spatial resolution one may attain in such flexibility maps was.
Our MD simulations show that, for small strains, the protein
deforms elastically, and thus, the Young modulus is well-
defined despite the inhomogeneous character and small size of
a protein. This deformation occurs without loss of the
secondary structure and is regulated by flexible regions present
in each domain (typically unstructured random coils/turns).
Moreover, we show that deformation can penetrate as deep as
4 nm into the protein structure and it involves a global
collective motion of all atoms within each domain. Thus, it
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follows that the limiting spatial resolution is given by the
number of mechanically decoupled domains. In this sense, our
results put on firm ground the conclusions derived from
Martinez-Martin et al.15 and demonstrate how force spectros-
copy is a versatile tool to map mechanically decoupled
domains within a protein. It is noteworthy to remark that
global elastic deformation is obtained regardless of the fact that
we used a very sharp tip (R = 2 nm)thus suggesting a minor
role of the tip radius.
Concerning the noncontact regime, we are able to identify
hydrophilic/hydrophobic patches over a same domain. There-
fore, this is the regime where the force is most sensitive to the
local environment and could best complement topography in
order to enhance the spatial resolution. Moreover, besides
being non-invasive, it was the least affected by thermal
fluctuations and protein mobility. The force range at which the
hydration layer is broken is comparable with the hydration
forces measured on a single DNA molecule,47 showing that
such hydration forces are within the current experimental
accuracy. Additionally, at certain sites of each domain, we
found exceptionally flexible regions that spontaneously jumped
to contact the tipa process accompanied by an abnormally
large attractive regime. While such regimes may be hardly
explored with soft cantilevers, recently developed tuning fork
sensors52 could provide an alternative approach owing to their
large stiffness. Considering the major biological relevance of
hydrophilic/hydrophobic patches (often associated with the
protein’s activity48,49,51) coupled with the impressive advances
on 3D imaging of hydration layers40,41,45,46 as well as more
recent AFM techniques,52 it stands clear that this regime could
offer major breakthroughs on the current spatial resolution
limits.
All in all, our simulations provide a detailed lively picture of
the indentation process on a single protein. The mechanisms
unveiled put at evidence a wealth of challenges and
opportunities for nanomechanical force spectroscopy which
we hope that will stimulate new experiments to unlock the full
potential of this technique.
■ METHODS
Atomic Level Models. The system here considered is composed
by the following elements: (a) 20 × 20 nm2 trilayer graphene slab
with ABA stacking; (b) a single immunoglobulin G (IgG) (Protein
Data Bank (PDB) ID: 1IGT79) with zero net charge and protonation
state such that pH = 7.6; (c) the tip, i.e., a diamond half-sphere with a
radius of 2 nm and cleaved in such way that the (111) plane is parallel
to the surface and it contains no dangling bonds; (d) the water
molecules (192165 in total), where the system is inside a cubic box
fully filled with TIP3P water molecules80 and whose size stretches 10
Å beyond (in each Cartesian direction) the furthest solute atom. The
starting IgG adsorption configuration is taken from a previous work,37
which is in agreement with accompanying AFM experiments. The
position of the atoms in the bottom graphene layer is restrained with a
harmonic constant of 5 kcal·mol−1Å−2. This setup mimics the typical
configuration in many adsorption experiments where a graphene layer
is supported on an inert, mechanically rigid substrate. The tip is
positioned at nine different sites a-top the IgG (as described in the
text) at a minimum initial distance of 1 nm.
Force Fields. The protein and the associated oligosaccharide
chains were modeled with the AMBER’s ff99SB81 and Glycam0482
force fields, respectively. The choice of these force fields was
motivated by a previous work, in which they reported50 that these
force fields successfully sample the conformational space that an
antibody explores in aqueous solution as well as its adsorption process
to graphene.37 The carbon atoms of the three-layered graphene and
the diamond tip were modeled using the OPLS aromatic (for the
first) and aliphatic (for the second) carbon atom types present on
AMBER’s generalized AMBER force field.83 This force field properly
describes graphene’s mechanical and hydration properties,84 as well as
its interaction with globular proteins.37,38,50,61,64 Additionally, wetting
and tribological properties are also well-described with such a force
field.85 The water molecules were modeled using the TIP3P water
model,80 which is consistent with force fields used for the other
components of the system.
Molecular Dynamics Simulation Details and Protocol. MD
simulations were carried out using the AMBER14 software suite86
with NVIDIA GPU acceleration.87 Periodic boundary conditions and
particle mesh Ewald (with standard defaults and a real-space cutoff of
1 nm) were used to account for long-range electrostatic interactions.
van der Waals interactions were truncated at the real-space cutoff, and
Lorentz−Berthelot mixing rules were used to determine the
interaction parameters between different atoms. A constant temper-
ature of 300 K was ensured in all of the simulations by means of a
Langevin thermostat. Before the indentation the pressure is stabilized
for 10 ns in the NTP ensemble using Berendsen barostat to keep the
pressure constant at 1 atm. The SHAKE algorithm was used to
constrain bonds containing hydrogen, thus allowing us to use an
integration time step of 2 fs. Coordinates were saved every 1000 steps.
In the steered MD simulations results employed to indent the protein,
the conservative force F(Z) was computed as ktip(Z − ⟨ZP⟩) (with ktip
= 50 N/m), and its thermal average ⟨F(Z)⟩ approximated by a
running average over (100 ps), an interval adjusted to obtain a
smooth dependence without distortions of the force. The resulting
d⟨F(Z)⟩/dZ can be safely63,88 compared to the measured effective
stiffness k obtained in experiments. Our simulation protocol is
composed by two stages. First we thermalize the system (equilibrate T
= 300 K and P = 1 atm) during 10 ns while restraining the tip−
protein distance to 1 nm. Subsequently we indent, perpendicularly to
the surface, in a NVT ensemble using constant velocity (0.1 m/s)
steered MDfurther details can be found in a previous work.85
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M. Force-clamp spectroscopy of single-protein monomers reveals the
individual unfolding and folding pathways of i27 and ubiquitin.
Biophys. J. 2007, 93, 2436−2446.
(58) Rief, M.; Gautel, M.; Oesterhelt, F.; Fernandez, J. M.; Gaub, H.
E. Reversible unfolding of individual titin immunoglobulin domains
by AFM. Science 1997, 276, 1109−1112.
(59) Cecconi, G.; Shank, E. A.; Bustamante, C.; Marqusee, S.
Biochemistry: Direct observation of the three-state folding of a single
protein molecule. Science 2005, 309, 2057−2060.
(60) Herruzo, E. T.; Perrino, A. P.; Garcia, R. Fast nanomechanical
spectroscopy of soft matter. Nat. Commun. 2014, 5, 3126.
(61) Vilhena, J. G.; Rubio-Pereda, P.; Vellosillo, P.; Serena, P. A.;
Pérez, R. Albumin (BSA) Adsorption over Graphene in Aqueous
Environment: Influence of Orientation, Adsorption Protocol, and
Solvent Treatment. Langmuir 2016, 32, 1742−1755.
(62) Ortega, M.; Vilhena, J. G.; Zotti, L. A.; Díez-Pérez, I.; Cuevas, J.
C.; Pérez, R. Tuning structure and dynamics of blue copper azurin
junctions via single amino-acid mutations. Biomolecules 2019, 9, 611.
(63) Pawlak, R.; Vilhena, J. G.; Hinaut, A.; Meier, T.; Glatzel, T.;
Baratoff, A.; Gnecco, E.; Pérez, R.; Meyer, E. Conformations and
cryo-force spectroscopy of spray-deposited single-strand DNA on
gold. Nat. Commun. 2019, 10, 685.
(64) Rubio-Pereda, P.; Vilhena, J. G.; Takeuchi, N.; Serena, P. A.;
Pérez, R. Albumin (BSA) adsorption onto graphite stepped surfaces. J.
Chem. Phys. 2017, 146, 214704.
(65) Uhlig, M. R. Advanced force spectroscopy applications: Three-
dimensional AFM and single-molecule force spectroscopy. Ph.D.
thesis, Universidad Autonoma de Madrid, Madrid, Spain, 2020.
(66) Bell, G. I. Models for the specific adhesion of cells to cells.
Science 1978, 200, 618−627.
(67) Evans, E.; Ritchie, K. Dynamic strength of molecular adhesion
bonds. Biophys. J. 1997, 72, 1541−1555.
(68) Bullerjahn, J. T.; Sturm, S.; Kroy, K. Theory of rapid force
spectroscopy. Nat. Commun. 2014, 5, 4463.
(69) Marin-Gonzalez, A.; Vilhena, J. G.; Moreno-Herrero, F.; Perez,
R. Sequence-dependent mechanical properties of double-stranded
RNA. Nanoscale 2019, 11, 21471−21478.
(70) Marin-Gonzalez, A.; Vilhena, J. G.; Moreno-Herrero, F.; Perez,
R. DNA Crookedness Regulates DNA Mechanical Properties at Short
Length Scales. Phys. Rev. Lett. 2019, 122, 048102.
(71) Hansma, H. G.; Pietrasanta, L. I.; Golan, R.; Sitko, J. C.; Viani,
M. B.; Paloczi, G. T.; Smith, B. L.; Thrower, D.; Hansma, P. K. Recent
highlights from atomic force microscopy of DNA. J. Biomol. Struct.
Dyn. 2000, 17, 271−275.
(72) Japaridze, A.; Muskhelishvili, G.; Benedetti, F.; Gavriilidou, A.
F.; Zenobi, R.; De Los Rios, P.; Longo, G.; Dietler, G. Hyper-
ACS Sensors pubs.acs.org/acssensors Article
https://dx.doi.org/10.1021/acssensors.0c02241
ACS Sens. 2021, 6, 553−564
563
plectonemes: A Higher Order Compact and Dynamic DNA Self-
Organization. Nano Lett. 2017, 17, 1938−1948.
(73) Hansma, H. G.; Laney, D. E. DNA binding to mica correlates
with cationic radius: Assay by atomic force microscopy. Biophys. J.
1996, 70, 1933−1939.
(74) Thomson, N. H.; Kasas, S.; Smith, B.; Hansma, H. G.; Hansma,
P. K. Reversible binding of DNA to mica for AFM imaging. Langmuir
1996, 12, 5905−5906.
(75) Murugesapillai, D.; Bouaziz, S.; Maher, L. J.; Israeloff, N. E.;
Cameron, C. E.; Williams, M. C. Accurate nanoscale flexibility
measurement of DNA and DNA-protein complexes by atomic force
microscopy in liquid. Nanoscale 2017, 9, 11327−11337.
(76) Ares, P.; Fuentes-Perez, M. E.; Herrero-Galań, E.; Valpuesta, J.
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